Summary Plants differ in tissue localization of nitrate reduction and assimilation. Some species reduce nitrate primarily in the leaves, whereas other species localize nitrate reduction and assimilation in the roots. We determined how nitrate assimilation is partitioned among leaves, stems and roots of poplar (Populus tremula L. × P. alba L.) by comparing tissue differences in in vivo nitrate reductase activity (NRA), nitrate reductase abundance and tissue nitrate concentration. Compared with stems or roots, NRA was greater in leaves, and the highest leaf NRA was found in young leaves. Leaf and root NRA increased with increasing nitrate supply, whereas stem NRA remained constant. Leaf NRA was at least 10-fold greater than root NRA at all external nitrate concentrations. Nitrate reductase abundance increased in all tissues with increasing nitrate availability, and nitrate reductase abundance was at least 10-fold greater in leaves than in stems or roots at all nitrate availabilities. Tissue nitrate concentration increased with increasing nitrate supply and was greater in roots than in stems and leaves. Photoperiod influenced NRA, with leaf NRA declining in nitrate-fertilized plants with short daily photoperiods (8-h). We conclude that different tissues of poplar vary in nitrate assimilation with little nitrate assimilation occurring in roots and the most nitrate assimilation taking place in leaves.
Introduction
Nitrate is an important source of nitrogen for plants, and nitrate reductase (NR) catalyzes the first committed step of nitrate assimilation (reviewed by Crawford et al. 2000) . Because of the importance of nitrogen (N) to plant productivity, nitrate assimilation and allocation patterns have been studied in many plant genera representing a range of species from temperate annuals and perennials to tropical plants (see reviews by Beevers and Hageman 1980 , Pate 1980 , Beevers 1981 , Andrews 1986a . The relative importance of shoots and roots in nitrate assimilation has usually been assessed on the basis of the proportions of nitrate reductase activity (NRA) in shoots and roots or the relative concentrations of nitrate and reduced N in xylem sap (Andrews 1986a (Andrews , 1986b .
Measurements of NRA, xylem sap nitrate and reduced N concentrations have led to the assumption that roots are the major site of nitrate assimilation for temperate perennial species at low external nitrate concentrations and that shoot nitrate assimilation becomes important at high external nitrate concentrations (Bollard 1956 , 1960 , Pate 1980 , Andrews 1986a , Marschner 1995 . However, substantial amounts of NRA have been observed in leaves of several temperate tree species (Smirnoff et al. 1984) . In some temperate tree species, leaves are the principal site of NRA (Gebauer and Stadler 1990 , Stadler and Gebauer 1992 , Downs et al. 1993 , Traux et al. 1994 , whereas in other temperate tree species, root NRA exceeds leaf NRA (Sarjala et al. 1987 , Gojon et al. 1991 , Lee and Titus 1992 , Downs et al. 1993 . Thus, the site of nitrate assimilation seems to vary among species of temperate woody plants. Although NRA has been detected in poplars (genus Populus) (Dykstra 1974, Pokhriyal and Raturi 1985) , the relative contributions of roots, stems and leaves to nitrate assimilation have not been determined.
Theoretical advantages to shoot-versus root-localized nitrate assimilation have been proposed (Lexa and Cheeseman 1997) . Leaf reduction of nitrate in high light may be more efficient than root-localized reduction (Stewart et al. 1988 ). Under low light conditions, root-localized nitrate reduction may prevent nitrate accumulation in the leaves (Andrews 1986b) . The site of nitrate reduction and assimilation may also affect N and carbon (C) partitioning, with root-localized nitrate assimilation enhancing partitioning to roots (Chapin 1980, Lexa and Cheeseman 1997) .
Poplars have frequently been used as a model system for the study of forest-tree breeding (Pauley 1949) , and attributes such as a small genome, rapid growth and a developed system for genetic transformation have led to the use of Populus as a model for studying forest tree biology (Bradshaw et al. 2000) . Several aspects of poplar N physiology, including seasonal N cycling (Coleman 1997) and responses to N fertilization Xie 1993, 1994) , have been investigated. Pokhriyal and Raturi (1985) found that NRA decreased with leaf age, and Dykstra (1974) reported that leaf NRA increased with nitrate availability. Min et al. (1998) compared root NRA of Populus tremuloides Michx. and Pinus contorta Dougl. ex Loud., but did not directly compare activity in the roots with that in other tissues. There have been no published reports of the effects of nitrate supply on NRA, NR abundance and nitrate concentrations in the various tissues of poplar trees.
Because the site of nitrate reduction varies with species and may affect N and C partitioning, we compared NRA, nitrate concentration and NR abundance in leaves, roots and stems of poplar plants subjected to increasing external nitrate concentrations. We found that leaves were the principal location of poplar nitrate assimilation over a wide range of external nitrate concentrations. We also observed that short daily photoperiods reduced leaf nitrate assimilation.
Materials and methods

Plant material
Poplar plants (Populus tremula L. × P. alba L., INRA Clone 717 1-B4) (Leplé et al. 1992) were propagated in vitro in half-strength MS medium (Murashige and Skoog 1968) . Rooted plants were transplanted to flats containing perlite, and placed in the greenhouse in intermittent mist until acclimated. After plants had acclimated to greenhouse conditions, they were removed from the mist bench and watered with dilute fertilizer solution containing 1 mol m -3 NO 3 . Plants were used for hydroponic studies after reaching a height of about 0.15 m.
Before transferring the plants to hydroponic culture, perlite was washed from the root system of each plant. Individual stems were then secured between two halves of a split 56-mm rubber stopper, and the roots of each plant were placed in 1-dm 3 opaque plastic bottles. Each bottle contained 0.5 × modified Hoagland's solution (Hoagland and Arnon 1938 
Nitrate reductase activity assay
We determined NRA by an in vivo assay as described by Jaworski (1971) , with modifications (Traux et al. 1994) . Various plant tissues were collected between 2 and 4 h after the beginning of the light period. Leaf disks, stem sections and root sections were rinsed with distilled water and blotted dry with paper towels. Each sample was divided into four subsamples and placed in 20-cm 3 plastic scintillation vials. Assay buffer (200 mol m -3 KNO 3 and 5% propanol in 100 mol m -3 potassium phosphate buffer, pH 7.5) was added to the vials. The vials were then capped and placed in the dark at 25°C on an orbital shaker set at 175 rpm. Two replicate reaction vials were removed from the shaker after 10 and 90 min and placed in boiling water for 15 min. The vials were then cooled to room temperature and aliquots of assay buffer were collected and stored at -80°C for later determination of nitrite concentration by a colorimetric method. Equal volumes of 1% sulfanilamide in 3000 mol m -3 HCl and 0.02% N-naphthyl-ethylene-diamine hydrochloride in water were added to the thawed aliquots. Color was developed in the dark at room temperature for 20 min and absorbance at 540 nm was measured (Lambda Bio, Perkin Elmer, Wellesley, MA). Enzyme activity was calculated by comparing the amount of nitrite produced after a 90-min incubation to that detected after 10 min (Traux et al. 1994) . Rates were averaged for two replicate determinations.
We determined that the amount of nitrite increased linearly with time beyond the 90-min incubation period. The addition of propanol to the assay buffer resulted in sufficient wetting, and vacuum infiltration had no effect on measured activity (Gebauer et al. 1984 , Downs et al. 1993 ).
Determination of tissue nitrate concentrations
Lyophilized plant tissue (15-20 mg) was placed in 1.5-ml micro-centrifuge tubes containing 5-10 mg of activated charcoal (Sigma Chemical, St. Louis, MO). Deionized distilled water was added (30 µl per mg of tissue) and samples were immediately mixed and then incubated on ice for 15 to 20 min. Samples were then boiled for 20 min, cooled on ice and centrifuged at 16,000 g for 20 min at 2°C. Nitrate concentration of the supernatant was determined enzymatically by measuring nitrite after reduction by nitrate reductase (Microplate Nitrate Test Kit, Nitrate Elimination, Lake Linden, MI).
Determination of NR abundance by protein gel blot analysis
The abundance of NR in leaf, stem and root tissue was determined by protein gel blot analysis using antibody raised against NR from squash (Cucurbita maxima Duchesne) that recognizes dicotyledonous NR. Total protein was extracted by adding 30 mm 3 of extraction buffer (62.5 mol m -3 Tris-HCl, pH 6.8, 2% SDS, 10% glycerol and 5% 2-mercaptoethanol) (Laemmli 1970) per mg of lyophilized ground tissue. Samples were mixed, held on ice for 20 min and then incubated in boiling water for 15 min. Thereafter, the samples were cooled to room temperature, centrifuged at 16,000 g and the supernatant stored at -20°C. Equal amounts of protein extract equivalent to 33 µg of lyophilized leaf tissue, and 330 µg of lyophilized stem and root tissues, were loaded per lane. Proteins were separated through a 12% SDS-polyacrylamide gel (Mini-Protein II, BioRad, Hercules, CA) and transferred to nitrocellulose (NitroBind, Micron Separations, Westborough, MA). Protein blots were then washed for 10 min in Tris-buffered saline (TBS, 20 mol m -3 Tris-HCl, pH 7.5, and 150 mol m -3 NaCl) and blocked overnight at 4°C in TBS with 3% bovine serum albumin (BSA). After blocking, blots were warmed at 30°C for 1 h, washed in TBS at room temperature for 15 min, and then incubated with 1000-fold dilution of NR polyclonal antibody for 1 h at 30°C in TBS containing 0.05% Tween (TTBS) and 1% BSA. The NR polyclonal antibody is a Protein A purified IgG from rabbit produced against C. maxima NR (NADH: NR, EC1.6.6.1) and was obtained commercially (Nitrate Elimination). After incubation with NR antibody, blots were washed three times for 15 min each in TTBS at room temperature, and then incubated with a 25,000-fold dilution of alkaline phosphatase-conjugated goat anti-mouse IgG (Pierce, Rockford, IL). Blots were then washed 3 times for 15 min in TTBS and once in TBS, and cross-reacting proteins were detected by color developed using 5-bromo-4-chloro-3′-indolyl phosphate and nitroblue tetrazolium choloride as described by Sambrook et al. (1989) . After color development, blots were imaged with a digital imaging system (Alpha Imager, Alpha Innotech, San Leandro, CA) and bands quantified by densitometry. Four replicate blots were performed for each tissue and treatment combination. One representative blot is presented (Figure 1 ).
Effects of nitrate concentration and leaf age on NRA
To determine if poplar tissues varied in nitrate assimilation when external nitrate concentrations exceeded 1 mol m -3 , NRA was compared among roots, stems and leaves of plants grown in a hydroponic solution containing 7.5 mol m -3 NO 3 . The influence of leaf age on NRA was also examined by assigning a leaf plastochron index (LPI) value to leaves, where leaves were numbered sequentially, basipetally from the growing point, with the youngest leaf longer than 2 cm assigned an LPI of 1 (Dickson 1986 ). Leaf disks from LPI 3, 6, 9 and 12, and tissue sections from stems and roots were assayed. For the youngest leaf assayed (LPI 3), 11.6-mm diameter disks were collected, and 14.2-mm disks were collected from the remaining leaves. Three leaf disks were collected per leaf and placed in reaction vials containing 2.5 ml of assay buffer (200 mol m -3 KNO 3 and 5% propanol in 100 mol m -3 potassium phosphate buffer, pH 7.5). Stem sections were collected from internodes between LPI 6 and 9, and root sections were taken from young (< 3 mm diameter) roots. The assay comprised 0.4-0.6 g (fresh weight) of stem or root tissue in 2.5 ml of buffer. After determination of NRA (n = 4), tissue samples were oven dried at 65°C and weighed.
Effects of external nitrate concentration on NRA, NR abundance and nitrate concentrations of roots, stems and leaves
We assayed for NRA after plants (n = 4) had been grown in hydroponic culture in one of four nitrate treatments: 0, 1.875, 3.75 or 7.50 mol m -3 nitrate, with Cl substituted for NO 3 (Table 1). After 7 to 10 days of treatment, NRA was determined for leaves at LPI 4, 8 and 12, and for stem and root tissues. Assays were as described above except that tissue fresh weights were determined prior to the assay, and used to calculate activity. Additional tissue samples consisting of leaves LPI 7 and 11, stem and roots were also collected for nitrate and protein analyses. These samples were frozen in liquid N, lyophilized, and milled with a high-speed mill equipped with a 1.0-mm screen (Tecator Cyclotec 1903 Sample Mill, Tecator, Hogänäs, Sweden) . NRA changed under high light conditions, leaves and roots of greenhouse-grown plants were assayed for NRA. Poplar plants were grown in 4.5 dm 3 pots with the upper half of the pot containing a soil-less medium (peat moss, vermiculite, composted pine bark, shredded polystyrene; ProGro 300-S, ProGrow Products, McCormick, SC) and the lower half of the pot containing perlite. Each plant was provided with slow-release fertilizer (40 g of 13:13:13 N,P,K Osmocote consisting of 8% nitrate N; Scotts, Marysville, OH). We obtained more consistent results with slow-release fertilizer than with soluble fertilizers (authors' unpublished observations). After 8 weeks, LPI 10 leaves, and roots from the perlite in the lower part of the pot were collected and assayed for NRA. Typical irradiances in the greenhouse were about double (800 µmol m -2 s -1 ) those in the growth chambers.
Effect of irradiance on leaf and root NRA of greenhouse-grown plants
Effect of photoperiod and fertilization on NRA
Uniform greenhouse-grown plants in 1.4-dm 3 pots containing soil-less medium were placed in growth chambers at 25°C. The chambers were programmed to a short daily (8-h, SD) photoperiod with a 30-min night interruption during the middle of the dark cycle (short day + night break, SD + NB). Light was provided by a combination of fluorescent and incandescent lights (400 µmol m -2 s -1 ). Five weeks before assaying for NRA, the LPI 5 leaf of each plant was tagged and plants were assigned to one of two fertilizer treatments. One half of these plants received 20 ml of 0.5 × modified Hoagland's solution containing 7.5 mol m -3 NO 3 at weekly intervals, whereas the remaining plants were fertilized with 20 ml of modified Hoagland's solution that lacked N. At 4, 2 and 1 week before assaying NRA, three plants from each fertilizer treatment were transferred to chambers providing SD conditions, and a corresponding replication of plants were maintained under SD + NB conditions. Because SD treatment results in terminal growth cessation and bud set, whereas growth continues under SD + NB treatment, the effects of tissue age were controlled by tagging the leaf at LPI 5 before the start of the treatments and conducting assays on tagged leaves and the subtending stem sections. Samples from all photoperiod treatments and replications were collected and assays conducted at the same time.
Results
Root, stem and leaf NRA of plants grown hydroponically in a high external nitrate concentration
We compared root, stem and leaf NRA of plants grown hydroponically in a solution containing 7.5 mol m -3 NO 3 (Figure 2 ). Highest NRA was found in the youngest leaves assayed (5.16 µmol NO 2 g DW -1 h -1 for LPI 3). Leaf NRA declined with increasing leaf age, with the lowest activity (0.83 µmol NO 2 g DW -1 h -1 ) detected in LPI 12 (Figure 2 ). For the poplar used in these experiments (P. tremula × P. alba INRA Clone 717 1-B4), the youngest fully expanded leaf typically corresponds to LPI 10. Compared with leaves, significantly lower amounts of NRA were detected in stems and roots (0.14 µmol NO 2 g DW -1 h -1 ).
Effects of nitrate supply on NRA, NR abundance and nitrate concentrations of leaves, roots and stems of hydroponically grown plants
Leaf and root NRA of hydroponically grown plants increased with increasing external nitrate concentrations, whereas stem NRA did not change ( Figures 3A and 3B) . For all leaf stages tested (LPI 4, LPI 8 and LPI 12), a similar increase in NRA was observed as the external nitrate concentration increased from 0 to 1.875 mol m -3 ; thereafter, NRA changed little as nitrate concentrations increased from 1.875 to 7.5 mol m -3 . Leaf age influenced NRA activity, which was greater in LPI 4 and LPI 8 than in LPI 12 at all external nitrate concentrations. There was no difference in NRA between LPI 4 and LPI 8 leaves. Compared with leaves, NRA was significantly less in stems and roots at all external nitrate concentrations. Furthermore, root NRA was significantly less than stem NRA at all external nitrate concentrations. Although root NRA increased with increasing nitrate concentration, leaf NRA was more than 20-fold higher than root NRA in plants in the treatment containing the highest nitrate concentration.
An NR protein of about 100 kDa was detected in all tissues (Figure 1 ). The abundance of NR increased in all tissues as nitrate concentrations increased from 0 to 1.875 mol m -3 . Based on densitometry of protein gel blots, the abundance of this 100-kDa protein was about 100-fold higher in leaves than in stems or roots at all nitrate concentrations (data not shown).
At all external nitrate concentrations, tissue nitrate concentrations were greater in roots than in leaves (LPI 7 and LPI 11) and stems (Figure 4 ). Nitrate concentrations varied by leaf age, and older leaves (LPI 11) contained more nitrate than younger leaves (LPI 7) (Figure 4) . Stem tissue nitrate concentrations tended to be intermediate between leaf and root tissue nitrate concentrations (Figure 4) . Nitrate concentrations initially increased in all tissues as the external nitrate concentra- 
Influence of photoperiod on NRA
Leaf NRA declined during the first 2 weeks of SD treatment of nitrate-fertilized plants, but was unchanged during SD treatment of unfertilized plants ( Figure 5 ). After 2 weeks of SD treatment, leaf NRA was similar in all plants irrespective of N treatment ( Figure 5 ). Stem NRA was unaffected by SD treatment but was greater in N-fertilized plants than in unfertilized plants. Leaf NRA of plants in the SD study was 50-75% lower than leaf NRA found in previous experiments. This difference is likely related to differences in leaf age because the leaves assayed for the photoperiod study corresponded to LPI 22, compared with LPI values between 4 and 12 for the other experiments.
Discussion
In vivo NRA and NR abundance were at least 10-fold higher in leaves than in roots or stems, and tissue nitrate concentrations were lowest in leaves and greatest in roots, indicating that newly acquired nitrate is transported to leaves and rapidly assimilated. Siebrecht and Tischner (1999) reported an immediate change in xylem sap nitrate concentration in poplar with changes in nitrate supply, which supports the conclusion that nitrate is rapidly taken up and transported to leaves for assimilation. Furthermore, Dickson (1987) found diurnal fluctuations in organic and amino acids in poplar leaves, providing TREE PHYSIOLOGY ONLINE at http://heronpublishing.com POPLAR NITRATE ASSIMILATION 721 NO 3 (+N), whereas the remaining plants received 0.5 × Hoagland's solution without nitrate (-N). After 0, 1, 2 and 4 weeks of photoperiod treatment, in vivo NRA was determined in leaves and stems. All activity assays were conducted on the same day using leaf and stem material of equivalent age. Values (µmol NO 2 g FW -1 h -1 ) are means (± SE) of four replicate plants (duplicate determinations per replicate plant and tissue).
additional evidence of leaf-localized nitrate reduction and assimilation, because nitrate assimilation is a light-dependent process.
Highest leaf NRA values were found in plants grown in the highest external nitrate concentration (7.5 mol m -3 nitrate). This observed maximum was probably not determined by light limitations on nitrate uptake (Touraine et al. 1988) , because although not strictly comparable, we found similar leaf NRA values in greenhouse-grown plants that were grown at irradiances that were about twice those in the growth chambers. Alternatively, the saturation may have been an artifact of the in vivo assay that resulted when enzyme activity exceeded available reductant. In vitro assays generally involve adding saturating concentrations of NAD(P)H to the assay buffer, whereas in vivo assays typically rely on endogenous reductant. The observed saturation could also be a property of NR induction in the leaf, because the saturation point was lower in LPI 12 than in LPI 8 and LPI 4, which argues against an assay limitation. A similar saturation in NR-inducible enzyme activity has previously been reported for poplar leaves (Dykstra 1974) .
Both NRA and NR abundance were detected in leaves of plants that received no external nitrate, although NRA was negligible and NR was not detected in roots of these plants. Similar observations have been reported for herbaceous species (Timpo and Neyra 1983, Andrews et al. 1984 ) and perennial woody plant species (Johnsen et al. 1991 , Friemann et al. 1992 , Traux et al. 1994 . Several factors could account for the presence of NRA in leaves of poplars grown without an external nitrate supply. The observed leaf NRA in plants that received no external nitrate may be a consequence of residual nitrate from fertilization received before the start of the nitrate treatments. However, this possibility seems unlikely because nitrate concentrations were similarly low in leaves, stems and roots of plants that received no external nitrate. Protein immunoblots indicated that NR was present in leaves but not in roots of plants grown without an external nitrate supply, suggesting that the NRA detected in these plants is a consequence of the NR present in leaves. Therefore, we conclude that poplars have low amounts of constitutive leaf NR and NRA. Similarly, low amounts of constitutive NRA and NR mRNA were detected in leaves, but not roots, of Betula pendula Roth. plants grown in medium lacking nitrate (Friemann et al. 1992) .
Although leaf NRA was similar between greenhouse-grown and hydroponically grown chamber plants, root NRA was lower in the greenhouse-grown plants. This difference could arise if the roots were not kept immersed in nitrate solution or if there were differences in nitrate availability between greenhouse-grown and hydroponically grown plants. We do not know if root NRA of the greenhouse-grown plants accurately reflects the localization of nitrate assimilation under field and forest conditions.
Our leaf NRA values are in agreement with those previously found for poplar leaves (Dykstra 1974) , and confirm the agedependent decrease in activity reported by Pokhriyal and Raturi (1985) . The localization of highest NRA in the youngest leaves may act to preferentially partition newly assimilated N in the developing leaves and shoot tip. Alternatively, the decrease in NRA with leaf age may simply be attributed to changes in overall metabolic activity with leaf age.
Photoperiod influenced leaf NRA. Although leaf NRA of N-treated plants decreased in response to an SD photoperiod, there was no concomitant increase in stem NRA. Therefore the shift in N partitioning during the SD-induced growth transition (Coleman 1997) was not a result of a shift in NRA localization. We were unable to determine if the reduction in leaf NRA was a direct result of the SD photoperiod, or resulted from decreased nitrate uptake and a subsequent decrease in internal nitrate concentrations.
Differences in nitrate-induced NRA between leaves and roots have been reported for other tree species. Both red oak (Quercus rubra L.) and red ash (Fraxinus pennsylvanica Marsh.) have slightly higher leaf NRA than root NRA at low N availability (Traux et al. 1994 ). However, increased N supply resulted in a leaf NRA/root NRA ratio of 1 in red oak compared with 4 in red ash. This shift in leaf NRA/root NRA partitioning in red ash was primarily associated with a 12-fold increase in leaf NRA with increased N supply compared with a twofold increase in leaf NRA of red oak. Leaves are also the major site of NRA in Acer rubrum L. (Downs et al. 1993) , F. excelsior L. Stadler 1990, Stadler and Gebauer 1992) , F. pennsylvanica and Q. rubra (Traux et al. 1994) . In contrast, roots are the predominant site of NRA in Malus (Lee and Titus 1992) , Pinus resinosa Ait., P. rigida Mill., P. strobus L. (Downs et al. 1993) , P. sylvestris L. (Sarjala et al. 1987) and Prunus persica (L.) Batsch. (Gojon et al. 1991) . Thus, the location of nitrate assimilation in temperate woody perennials varies by species.
The ecological significance of root-versus shoot-localized nitrate reduction and assimilation is unclear, but differences in tissue localization of nitrate assimilation may indicate differing ecological adaptation. Stewart et al. (1988 Stewart et al. ( , 1992 reported that fast-growing pioneer species assimilate nitrate primarily in the leaves, whereas climax species assimilate nitrate in the roots. Poplars are among the fastest growing temperate tree species with a heterophyllous growth habit and are considered a pioneer tree species (Eckenwalder 1996) . Likewise, red ash is an invasive pioneer species with low shade tolerance (Kennedy 1990), unlike red oak (Crow 1988 ). Thus our results and those of Traux et al. (1994) further support the correlation between ecological adaptation and root/shoot partitioning of nitrate assimilation.
According to one model (Chapin 1980) , crop plants and other rapidly growing species reduce nitrate primarily in the leaves when nitrate is not limiting. When nitrate becomes limiting for these species, root-localized reduction and assimilation effectively shifts dry weight partitioning from stem to roots, increasing nitrate interception and consequently overcoming nitrate limitations. According to this model, root-localized nitrate reduction and assimilation in slower growing species may ensure ongoing dry-weight partitioning to the roots (Chapin 1980) . However, localization of nitrate assimilation does not appear to be the controlling factor determining growth and carbon partitioning. Lexa and Cheeseman (1997) experimentally manipulated the localization of NRA between leaves and roots by making reciprocal grafts between NR-deficient and wild-type pea (Pisum sativum L.) mutants. They found that growth rate and root/shoot biomass partitioning did not differ with location of nitrate assimilation. Although the site of nitrate reduction alone does not determine N allocation and growth strategies, it may be indicative of broader differences in ecological adaptation. These differences may also be related to differences in shade tolerance, where leaf-localized nitrate assimilation is favored when light is not limiting (Aslam et al. 1976 , Stewart et al. 1988 .
Although nitrate assimilation was greatest in leaves, we did not assess the overall contribution of the different tissues to whole-plant nitrate assimilation. However, given that leaf nitrate assimilation, regardless of leaf age, was at least 10-fold greater that root nitrate assimilation, we conclude that the majority of poplar nitrate assimilation occurs in leaves.
